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Abstract 
In view of the increasing importance of wafer surface purity for the manufacturing of high efficiency cells we present here a 
sensitive method for the quantitative determination of wafer surface contaminations. Our results show that the detection limits are 
sufficient for process control in solar cell manufacturing. Particularly, the analysis and recovery of Cu is regarded, which may – 
besides Fe – play an important role in the degradation of surface and interface quality of high efficiency solar cells. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2016 under responsibility of PSE AG. 
Keywords: sequential etching; ICP-MS analysis; localization of inorganic impurities  
1. Introduction 
Approaching the theoretical limits in solar cell efficiency, new crystalline silicon cell concepts are intensively 
developed and steadily improved. It was shown that the sensitivity to impurities will largely increase for higher 
efficiency devices [1]. Moreover, these high efficiency cells are not only based on very pure silicon material but 
increasingly on high quality wafer surfaces, too. Chemical and structural characteristics of the wafer surfaces 
influence the texturing and passivation process for both concepts, HIT and PERC cells [2, 3]. The wafering process 
(sawing and subsequent cleaning) plays a key role in determining the purity of the silicon material and the surface 
contaminations. During this process the silicon surface is bare of any oxide layer for the first time and the virgin 
silicon surface is decorated with metal ions, which could be subsequently incorporated into the freshly formed oxide 
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layer. This can lead to a higher metal contamination in all subsequent processes leading to potentially lower 
minority carrier lifetimes. Especially, surface passivation processes which use high temperatures are most critical in 
terms of surface cleanliness. It was shown recently that for the thermal oxidation the threshold surface value for Fe 
and Cu lies in the region well below 1E+11 cm-2 [4]. However, during state-of-the-art solar cell manufacturing, 
wafer cleanliness and purification is no object of detailed analytics. Thus, to ensure high quality cell processes the 
quantitative control of wafer surfaces will attract more attention in the near future. To support this, we developed 
and optimized a sensitive and quantitative method for surface metal determination which may be a useful tool for 
process control. 
2. Methods 
A two-step process was developed for the rapid and quantitative measurement of surface impurities: First, the 
wafer surface was extracted using the sandwich method [5] and second, the extraction solution was diluted and 
measured with ICP-MS. The etch solution and the sandwich procedure were optimized to increase sensitivity and 
precision of the method. The amount of collected surface elements was measured by high resolution ICP mass 
spectrometer (Element XR, Thermo Scientific, Germany). The detection limits were determined by measuring 
multiple background samples (etch solution only). For the determination of the recovery a spike solution containing 
defined amounts of various metals was applied to the wafer surface preceding the SE-ICP-MS analysis. 
The content of the trace metals within the bulk silicon was obtained by complete chemical digestion of the 
sample and subsequent ICP-MS analysis of the resulting solution, for details we refer to [6]. 
3. Results and discussion 
For wafer sandwiches out of two 243 cm2 wafers the detection limits were determined to be in the range between 
1E+7 atoms/cm3 and 1E+11 atoms/cm3 (see table 1). This was found to be sufficiently sensitive for the analysis of 
as-cut wafer as well as wafer surfaces after saw damage etching or texturing. Figure 1 shows one example of typical 
wafer surface contamination after sawing and in-line final cleaning (diamond sawing, mono-crystalline silicon). For 
all analyzed elements the detection limits (LOD) are well below the actual contamination levels. 
Table 1. Detection limits for surface extraction SE-ICP-MS. 
Element Pb Bi Cd Sb Sn Ga Sr Pt Mo W Co Cu Ba V Mn Ni 
1010 atoms / cm² 0,004 0,005 0,007 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,03 0,03 0,04 0,05 
Element Ge As Ag Cr Zn K Be Ti Fe Li Na B Mg Ca P Al 
1010 atoms / cm² 0,05 0,06 0,08 0,1 0,2 0,2 0,3 0,3 0,7 0,7 0,8 3 4 8 12 13 
 
Fig. 1: Example for surface contaminations of diamond sawn silicon wafers after final cleaning as measured by SE-ICP-MS in comparison to the 
detection limits (LOD) obtained with this method. 
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Moreover, it can be concluded from these data, that the most prevalent contaminating elements are metals like Ni 
Zn, Al as well as alkali and earth alkali elements (fig. 2).  
 
Fig. 2: Fraction of single elements to the total surface contamination 
As expected, the dominating metals depend on the type of sawing wire: Ni and Al are most abundant after 
diamond wire sawing but Cu and Fe after slurry based sawing. In contrast, Na, K, Ca and Mg are present in most 
coolant liquids and cleaning baths (data not shown). 
To further characterize the SE-ICP-MS method the recovery rate for various elements was determined by 
analysis of wafer surfaces after defined contamination with a multi element solution. In figure 3 the result is shown. 
For almost all elements the expected amount was found in the extraction solution. The ratio between the extracted 
amount and the added amount was calculated to vary between 100 % and 108 %. Copper, however, shows 
completely different results. In repeated experiments, the recovery rate for copper was found to be only 11 % to 15 
%.  
Fig. 3: The recovery rate of various elements was determined by analysis of wafer surfaces after defined contamination with various elements 
In order to investigate this phenomenon in more detail the recovery experiment was repeated but extended to bulk 
analysis of the wafer (see schematic presentation of experimental work flow in figure 4). A wafer surface was 
contaminated with a spike solution and dried at ambient conditions. The surface analysis was performed as 
sandwich etching (see above). Subsequently, the wafer was completely dissolved in order to analyze the bulk 
concentration. 
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Fig. 4: Design of experiment for the recovery of copper: A wafer surface was contaminated with a spike solution and dried. The surface analysis 
was performed as sandwich etching (see above). Subsequently, the wafer was completely dissolved in order to analyse the bulk concentration. 
The reasoning behind this was to find out whether a measurable amount of Cu has migrated into deeper layers of 
the wafer during the time of sample preparation, due to the fact that the intrinsic diffusion coefficient of Cu in Si at 
room temperature is as high as 2.8×10E-7 cm2/s [7]. Figure 5 shows the result of this experiment. A significant 
amount of the added Cu was found in the bulk of the spiked wafer and – to minor extend – also in the second wafer 
which has been used to perform the sandwich etching. Both values are significant higher than the Cu content of an 
untreated wafer from the same batch. Thus, the measured bulk values cannot be attributed to the silicon material 
itself. As also seen in figure 5 (right), the sum of measured surface and bulk amounts matches the amount of added 
Cu (within the experimental error). This leads to the conclusion that during the less than 60 minutes period of 
spiking and surface etching – all at room temperature – more than 80 % of the added copper migrated into the 
silicon bulk due to the concentration gradient. 
 
Fig. 5: Cu content of silicon bulk after intentional surface contamination. Left: comparison of bulk contents from both contaminated wafers 
(spiked and sandwich) vs. a reference wafer from the same batch.  Right: Comparison of all recovered Cu vs. the added amount 
4. Conclusion  
With respect to the increasing influence of surface impurities on the quality of high efficiency cells a thorough 
surveillance of wafer surface characteristics may help to improve yield and overall efficiency of solar cell 
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production. Within this contribution, adequate methods for controlling the surface contamination level were 
presented. Special attention is to be paid to the analysis of Cu due to its high diffusivity. 
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